1. Introduction {#s0005}
===============

Frontotemporal dementia (FTD) is a progressive neurodegenerative disorder associated with atrophy of the frontal and temporal lobes and is characterized by impairments in behaviour and language ([@bb0265])^⁠^. In adults 65 years or younger, FTD is the second most common form of early-onset neurodegenerative dementia ([@bb0210]). Diagnosis of FTD is often challenging, as symptoms and features can overlap with those of Alzheimer\'s disease (AD) and psychiatric conditions such as late-onset schizophrenia and bipolar disorders ([@bb0265]). This diagnostic challenge, coupled with rapid functional decline and relatively short survival rate (3--14 years from symptom onset ([@bb0210])), highlights the need for identification of sensitive biomarkers to improve early diagnosis of FTD, which can also be used for monitoring disease progression and treatment outcomes.

Cerebral glucose metabolism (CMRglc) measured using ^18^F-fluorodeoxyglucose (FDG) and positron emission tomography (PET) is an established biomarker for accurate ante-mortem diagnosis of FTD ([@bb0080], [@bb0090], [@bb0105], [@bb0135], [@bb0240]) and for distinguishing FTD from other dementias ([@bb0105], [@bb0240]). A 2005 consensus report prepared by the Neuroimaging Work Group of the Alzheimer\'s Association concluded that FDG-PET is helpful for differentiating FTD from AD ([@bb0005]). In the US, costs for FDG-PET scans for differential diagnosis of FTD have been covered nationwide via Medicare benefits for the past 7 years ([@bb0060]). Recently, a number of studies have shown that the MRI-based perfusion technique arterial spin labelling (ASL) can potentially provide comparable diagnostic information to FDG-PET in both FTD ([@bb0095], [@bb0190], [@bb0240], [@bb0255]) and AD ([@bb0195], [@bb0250]) patients due to the coupling of perfusion to glucose metabolism ([@bb0015], [@bb0065]). Since ASL is completely non-invasive -- using endogenous blood-water as a flow contrast -- it offers an appealing opportunity for cost-effective monitoring of FTD progression and treatment outcomes, free from the radiation burden of PET. Additionally, it *frees* PET for use in studies involving targeted tracers of pathophysiology, such as tau protein or neuroinflammation markers.

However, the reported sensitivity and specificity of ASL-CBF compared to FDG-PET in FTD studies vary widely, with some studies showing agreement with FDG-PET ([@bb0240], [@bb0255]), better specificity than FDG-PET ([@bb0095]), and no added benefit of ASL ([@bb0030], [@bb0045]). These conflicting findings are possibly due to heterogeneity of relatively small sample populations, variations in ASL techniques, and inherent limitations with sequential PET and MRI acquisitions. Errors in spatial registration and differences in brain states between separate PET and MRI scans are minimized by simultaneous imaging leading to stronger association between ASL-CBF and FDG-PET ([@bb0015]). Given the nature of FTD disease progression, accurate sequential evaluation of perfusion to glucose metabolism in FTD patients using ASL and FDG-PET can be limited if PET and MRI data are acquired a few months apart ([@bb0235]). To circumvent this issue, this study utilized simultaneous PET/MR imaging to evaluate regional coupling of ASL-CBF to FDG-PET in patients with FTD. This analysis was conducted at group and single-subject level to determine if ASL-CBF performed equally well to FDG-PET for clinical diagnosis of FTD. Because FDG-PET is now clinically used to evaluate FTD on a single-subject basis, emphasis was placed on comparing diagnostic performance of ASL-CBF and FDG-PET at the individual level. Specificity and sensitivity of ASL-CBF were compared to FDG-PET using receiver operating characteristic (ROC) curve analysis, visual rating reports from trained readers, and statistical *t*-score maps.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

This study was approved by the Western University Health Sciences Research Ethics Board and conducted in accordance with the Declaration of Helsinki ethical standards. All participants provided written informed consent. The study cohort included 10 neurologically healthy controls and 11 patients with FTD recruited from the Cognitive Neurology and Aging Brain clinics at Parkwood Hospital (London, ON) between January 2014 and October 2014. Of the 11 patients, 7 were diagnosed with bvFTD (including 2 with right temporal variant bvFTD), 1 patient met criteria for bvFTD and non-fluent primary progressive aphasia (nfPPA), 1 patient was diagnosed with semantic variant PPA ((svPPA) with behavioural features and significant left and right temporal atrophy), and 2 patients were diagnosed with possible bvFTD (based on presence of clinical symptoms and cognitive testing profile but normal structural MRI imaging). All participants were free from confounding neurological diseases or psychiatric disorders (i.e. stroke, multiple sclerosis, brain tumor, bipolar disorder, schizophrenia, current major depression). All patients met the International consensus criteria for bvFTD or semantic variant PPA ([@bb0115], [@bb0215]) based on their clinical evaluation, neurocognitive testing performance ([Table 1](#t0005){ref-type="table"}), clinical MRI brain imaging and genetic testing. Participants completed standard clinical neuropsychological assessments including Mini-Mental State Examination (MMSE) ([@bb0100]), Montreal Cognitive Assessment (MoCA) ([@bb0205]), tests for memory (prose recall), language/verbal fluency (semantic and phonemic, and naming from the Western Aphasia Battery), visuospatial skills (clock drawing tests), and attention (Trail Making Tests A and B), as outlined in an earlier study ([@bb0070]). The clinical MRI scans, neurology history examination and neurocognitive testing used in diagnosis of FTD were completed within 2--4 weeks of PET/MRI scanning. Since, PET/MRI is not approved clinically in Canada for diagnosis of dementias, no FDG-PET scans were available at the time of clinical diagnosis.Table 1Summary of participant demographics (mean ± standard deviation).Table 1bvFTDControlsDemographicsAge (years)66.3 ± 6.6267 ± 6.62Gender (males)54Years of illness5.30 ± 2.50--Education (years)13.10 ± 2.5612.60 ± 2.50Cognitive testingMOCA17.57 ± 7.5228.20 ± 1.75[§](#tf0005){ref-type="table-fn"}MMSE21.25 ± 8.3529.40 ± 0.97[§](#tf0005){ref-type="table-fn"}Prose delay5.22 ± 3.958.89 ± 2.61[§](#tf0005){ref-type="table-fn"}Prose immediate4.13 ± 2.339.40 ± 2.94[§](#tf0005){ref-type="table-fn"}Trail Making Test A7.60 ± 4.408.88 ± 2.75[§](#tf0005){ref-type="table-fn"}Trail Making Test B8.20 ± 4.567.25 ± 0.35Naming aphasia5.50 ± 3.909.25 ± 2.54Semantic fluency5.83 ± 3.889.57 ± 2.56[§](#tf0005){ref-type="table-fn"}Phonemic fluency6.40 ± 4.079.25 ± 2.64[§](#tf0005){ref-type="table-fn"}Clock command7.15 ± 4.558.50 ± 2.12[§](#tf0005){ref-type="table-fn"}Clock copy7.50 ± 4.378.88 ± 2.25NeuroimagingGlobal GM-CBF (ml/100 g/min)31.21 ± 8.5042.30 ± 15.65Global GM-FDG (SUV)0.43 ± 0.110.40 ± 0.08[^1]

2.2. PET/MRI acquisition {#s0020}
------------------------

Serial MRI sequences were acquired during 60 min of dynamic PET acquisition on an integrated PET/(3 T) MRI scanner (Biograph mMR, Siemens Healthineers, Erlangen, Germany) using a 12-channel PET-compatible head coil. To minimize head motion, an immobilizing foam head mold was used (Smithers Medical Products, Alpha Cradle). List-mode PET data were acquired immediately after bolus intravenous injection of FDG (203 ± 30 MBq; fasting blood glucose = 5.1 ± 0.8 mmol/L). PET data from 30 to 45 min were reconstructed to one image volume (344 × 344 × 127 matrix) using Siemens e7 tools and an iterative algorithm (ordered subset expectation maximization with point-spread function model; 3 iterations, 21 subsets, 3D Gaussian filter with a full-width-half-maximum (FWHM) of 2 mm and zoom factor of 2.5). Scatter, decay and dead-time corrections were applied while attenuation correction was performed using the vendor-provided ultrashort echo time (UTE) sequence. Attenuation maps were generated using the RESOLUTE ([@bb0160]) approach. The spatial resolution of the reconstructed PET data was 4.75 mm along each direction.

A pseudo-continuous ASL (pCASL) sequence with a single-shot 3D gradient-and-spin-echo (3D GRASE) readout ([@bb0125]) was acquired within 10 min of FDG injection using the following parameters: TR/TE = 3500/22.76 ms, post-labelling delay (PLD) = 1.5 s, 64 label and control pairs, 26 contiguous slices (23 acquired slices with 15.4% oversampling and 6/8 Partial Fourier in the slice-encoding direction; parallel imaging acceleration factor of 2 along the phase-encoding direction, with GRAPPA reconstruction, and refocusing flip angle of 180 degrees), bandwidth = 2004 Hz/pixel, and 3.8 × 3.8 × 6 mm^3^ voxel size. The labelling consisted of a 1.5 s train of RF pulses positioned approximately 9 cm below the center (anterior commissure-posterior commissure, AC-PC) of the imaging plane and included two nonselective inversion pulses for suppression of static background signal. Total acquisition time was 7.32 min. For CBF quantification, two calibration images were acquired; a proton density (M0) image using the ASL sequence minus label and background suppression RF pulses and TR of 5 s, and a phase-contrast velocity image for estimation of labelling efficiency ([@bb0025]). Participants were instructed to keep their eyes closed for the first 30 min of the PET/MRI scan which encompassed the recommended PET uptake window and ASL scans. Finally, 3D T1-weighted anatomical images (1 mm^3^ isotropic resolution) were acquired with a 3D magnetization-prepared rapid gradient-echo sequence for evaluation of structural abnormalities, partial volume correction, and spatial normalization.

2.3. Image postprocessing {#s0025}
-------------------------

Image analyses were performed using SPM8 (<http://www.fil.ion.ucl.ac.uk>) and in-house MATLAB (2012a, The MathWorks, Natick, MA) scripts. ASL images were aligned to the first volume to correct for frame-to-frame head movement after manual alignment to AC-PC orientation. The aligned images were pair-wise subtracted and global signal spikes were removed prior to time averaging (see Supplementary Fig. A1 for further details). Prior to pair-wise subtraction, the ASL time series and structural (T1) image volume were registered to the M0 using the mean of the ASL time series as an intermediate. Grey matter (GM) and white matter (WM) masks were generated from T1 tissue segmentation using the MALPEM algorithm ([@bb0165]) -- a multi-atlas segmentation approach insensitive to pathology. The masks were downsampled to match ASL voxel size and transformed to a single partial volume (PV) mask, where PV = GM + 0.4 ∗ WM, assuming WM contributes \~ 40% to total CBF ([@bb0085]). The PV mask was applied to the perfusion-weighted images (i.e., mean ASL difference scaled by M0) to compensate for partial volume effects. A CBF map was then generated by transforming voxels in the perfusion-weighted image to CBF using a single-compartment model ([@bb0010]) and labelling efficiency values estimated from phase-contrast imaging. The ASL-CBF images were then spatially transformed to the Montreal Neurological Institute (MNI) standard space using the unified segmentation-based normalization approach in SPM ([@bb0020]) and smoothed using a 10-mm FWHM Gaussian kernel. Similarly, the reconstructed PET images were corrected for PV using masks downsampled to match PET voxel size, spatially transformed and smoothed using the same methods. To match the spatial resolution of ASL to FDG-PET, CBF and FDG-PET images were convolved with a Gaussian function of FWHM of 10 mm, resulting in smoothed images with similar resolution: 11.7 and 10.7 mm in the slice and in-plane dimensions, respectively for ASL and 11.1 mm isotropic for FDG-PET (including the prior 2 mm post-reconstruction smoothing). Note that the resulting FWHM was estimated assuming the initial image resolution and kernel size of the Gaussian smoothing filter add in quadrature. To minimize inter-subject variability and permit direct comparison between modalities, the smoothed CBF and FDG-PET images were intensity normalized to their respective mean cerebellum GM value. Because of differences in global mean GM CBF between patients and controls (*t* = − 1.97, *p* = 0.06), this reference region was used instead of global normalization, to prevent artificial inflation of regional CBF in the patient group in areas where perfusion is otherwise normal ([@bb0035], [@bb0040]). The final relative ASL-CBF (rCBF) and FDG-PET (rCMRglc) images were used for group and single-subject analyses.

2.4. Qualitative visual analysis {#s0030}
--------------------------------

PET and T1 images of all participants were evaluated in tandem by an experienced (30 years) dual board-certified physician in radiology and nuclear medicine (WP) to verify that PET images acquired using the PET/MRI were of optimal diagnostic quality. Visual inspections and evaluations were performed using Siemens *syngo®*.via (Siemens Healthineers, Erlangen, Germany) clinical applications software.

Three trained readers with experience in PET and MRI visually inspected and rated each rCBF and rCMRglc image in a blinded manner; that is, each reader evaluated a total of 40 images unaware of diagnosis or imaging modality. Readers included a board-certified nuclear medicine physician (JCW) with 14 years of practice experience, a board-certified neurologist (EF) with 17 years of practice experience and expertise in applications of MRI and PET to studies of dementia, and a 5th year radiology resident (BYMK) trained in PET imaging and familiar with ASL. Readers were familiar with common imaging artefacts particularly signal loss artefacts related to PET signal attenuation or watershed artefacts in ASL, identified as bilateral signal dropout at border zones of adjacent arterial territories ([@bb0280]). Readers were instructed to rate overall image quality on a scale from 1 (insufficient) to 4 (excellent) based on impressions on image smoothness, noise, resolution, sharpness of contours and perceived contrast-to-noise. Presence of image artefacts was scored as either considerable (1), slight (2), or none (3). Readers were also encouraged to provide open-ended descriptions of perceived image artefacts. Image quality and artefacts were compared between modalities using the Wilcoxon signed rank test.

A forced-decision diagnosis between FTD or control was made after evaluating patterns of decreased activity in the following regions: right and left frontal, temporal, parietal, insular, anterior and posterior cingulate, thalamus and occipital, using evaluations methods described in [@bb0195]. Each region was rated on a 4-point scale as either normal (4), mildly decreased (3), moderately decreased (2), or severely decreased (1). Images were read by scrolling through three orthogonal planes using FslView (<https://fsl.fmrib.ox.ac.uk>) with a fixed colour lookup table and fixed window/level settings. Measures of diagnostic accuracy -- sensitivity, specificity, negative predictive value (NPV) and positive predictive value (PPV) -- were calculated for each individual reader and averaged within each modality. These measures were calculated by computing the proportion of ratings with correct diagnosis, as confirmed by the radiology report. Differences in diagnostic accuracy between modalities were tested using a one-sided paired *t*-test to assess if ASL-CBF performed worse than FDG-PET. Concordance among readers was measured using Randolph\'s free-marginal multirater kappa ([justusrandolph.net/kappa](http://justusrandolph.net/kappa){#ir0015}/), where a value ≥ 0.70 indicates adequate agreement. Because diagnostic accuracy and interrater agreement of FDG-PET in differential diagnosis of FTD are not significantly different when quantitative image analysis is augmented with visual reading compared to visual reading alone ([@bb0105]), stereotactic surface projections and *t*/*z*-score map were not presented to readers and were excluded from qualitative assessments.

2.5. Quantitative image analysis {#s0035}
--------------------------------

Areas of hypoperfusion and hypometabolism were identified from each patient\'s rCBF and rCMRglc map, respectively, by comparing individual relative maps to the control group on a voxel-by-voxel basis using the Crawford and Howell modified *t*-test ([@bb0075]) (*t* ≤ − 1.83, *p* \< 0.05) shown below:$$t = \frac{X_{\mathit{bvFTD}} - {\overset{¯}{X}}_{\mathit{HC}}}{S_{\mathit{HC}}\left. \sqrt{}\left( \frac{n + 1}{n} \right) \right.}$$where, *X*~*bvFTD*~ represents a patient voxel value, ${\overset{¯}{X}}_{\mathit{HC}}$ and *S*~*HC*~ are mean and standard deviation voxel values in controls, and *n* is the total number of controls. The Crawford and Howell modified *t*-test is better suited for deficit inference when a small control sample size is used, because it minimizes inflation of Type I errors and yields similar error rate for 10 or 100 control samples ([@bb0075]).

To test the extent of similarity between ASL-CBF and FDG-PET findings, a Jaccard similarity coefficient was calculated for each patient using t-score maps, where a Jaccard index closer to 1 demonstrates good agreement between modalities.

2.6. Group-level comparisons {#s0040}
----------------------------

To replicate and verify previous ASL-CBF and FDG-PET comparisons in FTD, most of which were performed at a group level, we compared mean grey matter rCBF to rCMRglc in 13 a priori regions of interest (ROIs) (cf. [Fig. 1](#f0005){ref-type="fig"}), which were created using the AAL atlas ([@bb0245]), as implemented in SPM8. To minimize potential confounds from watershed artefacts in ASL, ROI masks were eroded around watershed areas. An independent samples *t*-test and Pearson correlation were performed to investigate regional differences between patient and control groups, and associations of ASL-CBF to FDG-PET across groups, respectively. The performance of ASL-CBF and FDG-PET in discriminating patients from controls was evaluated by receiver operator characteristics (ROC) analysis, to obtain sensitivity, specificity and areas under ROC curve (AUC) measures.Fig. 1A priori regions of interest (ROIs) masks overlaid on a single subject T1 image. ROIs comprised of frontal sub-regions (1--4), insula (5), anterior cingulate (6), precuneus (7), caudate (8) and temporal sub-regions (9--13) bilaterally.Fig. 1

3. Results {#s0045}
==========

PET/MRI scans were completed for all participants. A data set from one patient with possible bvFTD was removed due to corrupted list-mode files, which prevented retrospective PET reconstruction. Demographic and clinical characteristics of the participants are summarized in [Table 1](#t0005){ref-type="table"}. Further clinical information for each of the patients including results from autopsy and genetic follow up where available, are presented in Table A1 of Supplementary material. Visual inspection and evaluation of PET and T1 images matched clinical diagnosis in all participants except the possible bvFTD patient, whose PET and T1 images were reported as normal.

3.1. Qualitative evaluation {#s0050}
---------------------------

Representative rCBF and rCMRglc maps are displayed in [Fig. 2](#f0010){ref-type="fig"}. Compared to rCMRglc maps, rCBF maps had lower reported image quality (*z* = − 4.77, *p* \< 0.0001) and more image artefacts (*z* = − 4.73, *p* \< 0.0001). Median rating scores of image quality and artefacts were 3.00 and 2.00 for rCBF compared to 4.00 and 3.00 for rCMRglc. Further details on image quality and artefact scores are described in the Supplementary material.Fig. 2Patient \#2, rCMRglc (*A*) and rCBF (*B*) maps, illustrating images reviewed by readers. Slices in coronal, sagittal and axial are shown to highlight the potential of both modalities to yield similar diagnosis. All readers chose bvFTD diagnosis after reviewing either *A* or *B* images. (*C*) t-maps of voxelwise differences between patient and control group indicate areas of lower CBF (*red-yellow*) and less FDG uptake (*blue-green*). A large area overlapping hypometabolic and hypoperfusion regions can be seen in (*D*; *green*) with measured Jaccard index of 0.41. Restricting the concordance to a priori ROIs (*purple*) improved the Jaccard index to 0.60. Images are displayed in radiological convention.Fig. 2

Concordance between clinical diagnosis and each reader\'s forced-diagnosis ranged from 83.30% to 94.40% for FDG-PET and 66.70 to 72.22% for ASL-CBF, excluding evaluations in the possible bvFTD patient. The overall agreement among readers for diagnosis was 80% for FDG-PET and 60% for ASL-CBF. The corresponding kappa coefficients for interrater reliability were 0.61 and 0.20 for FDG-PET and ASL-CBF, respectively. Agreement among readers was also estimated in disease-related brain regions to determine if readers can detect similar disease patterns between modalities ([Table 2](#t0010){ref-type="table"}). Overall agreement and kappa coefficients were higher for FDG-PET in all regions except in the temporal cortices. Measures of diagnostic accuracy averaged across readers were also significantly higher for FDG-PET compared to ASL-CBF and are summarized in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3A comparison of measures of diagnostic performance between ASL-CBF and FDG-PET from visual assessments. Significant difference between modalities are indicated by \* (*p* \< 0.05). Error bars correspond to standard deviation. NPV and PPV are the negative and positive predictive value.Fig. 3Table 2Qualitative and quantitative regional assessments of diagnostic performance between modalities.Table 2RegionModalityPearson *r*AUC[⁎](#tf0010){ref-type="table-fn"}SensitivitySpecificityOverall agreement (%)KappaFrontalFDG-PET0.740.890.81710.62ASL-CBF0.780.70.7400.20TemporalFDG-PET0.420.780.70.924− 0.02ASL-CBF0.660.60.7330.11InsulaFDG-PET0.570.860.80.6790.72ASL-CBF0.650.70.5560.40ACCFDG-PET0.710.850.70.8520.36ASL-CBF0.760.70.8390.19All ROIsFDG-PET0.680.870.80.7710.62ASL-CBF0.750.80.6520.36[^2]

3.2. Quantitative assessments {#s0055}
-----------------------------

In all patients, areas of hypometabolism were more expansive than hypoperfused areas. An example of *t*-score maps representing areas of hypoperfusion and hypometabolism in one patient is shown in [Fig. 2](#f0010){ref-type="fig"}C. Corresponding concordance maps signifying extent of overlap between *t*-score maps are shown in [Fig. 2](#f0010){ref-type="fig"}D. Individual *t*-scores and concordance maps for all patients are shown in the Supplementary material. Individual Jaccard similarity indices quantifying extent of concordance are listed in [Table 3](#t0015){ref-type="table"}, as well as overall percent agreement from qualitative assessments.Table 3Summary of individual patient demographics and results from between modalities concordance measures.Table 3Patient \#DiagnosisAge (years)GenderYears of illnessJaccard IndexAgreement among readersFDG-PETASL-CBF1Probable bvFTD79M50.0433/33/32Probable bvFTD68M80.413/33/33Probable bvFTD74F90.0452/32/34Probable svPPA58F60.193/32/35Possible bvFTD73M20.033/33/36Probable bvFTD54F40.713/33/37Probable bvFTD73M70.362/32/38Probable bvFTD62M60.443/33/39Probable bvFTD + nfPPA67F10.363/32/310Probable bvFTD55F50.443/32/3

3.3. Between-subjects group comparisons {#s0060}
---------------------------------------

Lower rCMRglc was observed bilaterally in all ROIs in the patient group compared to controls, except in the left temporal regions, while decreased rCBF was found in the patient group in 13 of the 26 ROIs ([Fig. 4](#f0020){ref-type="fig"}). Of note, the magnitude of the rCMRglc difference between patients and controls was greater than the corresponding rCBF difference in all regions. Both modalities revealed greater magnitude of *t*-values in right side regions compared to left side regions (cf. Table A2 of Supplementary material for outline of *t*-values from all regions). Pearson correlation analysis revealed a strong correlation between modalities across all ROIs (*r* = 0.68, *p* \< 0.001) ([Fig. 5](#f0025){ref-type="fig"}). A Bland-Altman assessment indicated minimal bias between modalities ([Fig. 5](#f0025){ref-type="fig"}), suggesting that ASL-CBF provided similar regional brain measures as FDG-PET. Similarly, moderate-to-strong correlations between modalities were also observed in brain regions commonly associated with bvFTD, as shown in [Fig. 6](#f0030){ref-type="fig"} (correlation coefficients are listed in [Table 2](#t0010){ref-type="table"}). These observations were further confirmed using dot plots ([Fig. 6](#f0030){ref-type="fig"}) that demonstrated similar patterns of regional mean distributions in patients and controls for both modalities. When diagnostic performance was compared, higher sensitivity, specificity and AUC were found for FDG-PET compared to ASL-CBF ([Table 2](#t0010){ref-type="table"}). Results of unilateral regional performance and regional correlation between modalities are outlined in Table A2 of Supplementary material.Fig. 4Regional grouped means of glucose uptake (*top*) and cerebral blood flow (*bottom*). Errors bars indicate standard deviation. Significant difference between groups was seen in all regions *except* † where *p* \> 0.05.CTL = control subjects, PT = FTD patients.Fig. 4Fig. 5Association between ASL-CBF and FDG-PET across all regions of interests. A strong correlation between modalities can be seen in regression plot (*p* \< 0.001) (*left*) and the Bland-Altman plot (*right*) reveals close agreement between modalities with slight systematic bias possibly due to relatively poor SNR of the ASL signal (− 0.14 to 0.29, *r* = 0.07, *p* = 0.01).HC = control subjects.Fig. 5Fig. 6Comparison between cerebral perfusion and glucose metabolism in key regions across both groups. Moderate-to-strong correlation between perfusion and metabolism can be seen in all regions (top panel), and significant differences (*p* \< 0.05) between patients and controls (bottom panel) were found in all regions for FDG-PET and in the frontal lobe and anterior cingulate for ASL-CBF. Line plots of mean, and 95% confidence intervals for the mean are included in dot plots.Fig. 6

4. Discussion {#s0065}
=============

This study exploited gains in temporal and spatial registration offered by hybrid PET/MRI to assess the use of ASL as a suitable alternative to FDG-PET in diagnosing FTD, as proposed by recent studies ([@bb0085], [@bb0095], [@bb0230], [@bb0240], [@bb0270]). To provide a comprehensive evaluation of the diagnostic performance of ASL compared to FDG-PET, we used established qualitative and quantitative metrics of diagnostic equivalency, and evaluated images on individual- and grouped-level basis. This approach revealed strong evidence for the potential of ASL to detect similar spatial patterns of abnormalities as FDG-PET in individuals with FTD. However, the sensitivity and specificity of ASL in differentiating a patient from healthy older individuals was not as high as that of FDG-PET.

In clinics, in the absence of definite diagnosis from histopathology, diagnosis of probable FTD can be made using neuroimaging, in accordance with international consensus criteria. Findings of frontal and or temporal atrophy on MRI or CT, hypometabolism on FDG-PET or hypoperfusion on SPECT, with relative integrity of posterior brain regions, signifies probable bvFTD ([@bb0215]). The clinical significance of FDG-PET has been validated in pathologically confirmed FTD and AD patients, where visual assessments of FDG-PET images were found to be highly specific and sensitive in differentiating FTD from AD ([@bb0105]). When FDG-PET is combined with neurological assessments and neuropsychological testing ([@bb0105], [@bb0185]) or added to GM atrophy detected by MRI ([@bb0090], [@bb0150]), diagnostic accuracy and confidence in detecting FTD is further increased. SPECT, on the other hand, can be used in lieu of PET, as SPECT can also improve clinical diagnosis of FTD ([@bb0180]), but with lower sensitivity ([@bb0275]). ASL is comparable to SPECT perfusion imaging ([@bb0170]) and has been shown to produce similar regional patterns of hypoperfusion in patients with dementia ([@bb0085], [@bb0130]). However, the higher spatial resolution of ASL --- nearly twice that of SPECT, and the potential for technetium-based SPECT perfusion tracers to overestimate CBF in low flow regions ([@bb0055]), makes ASL a better alternative for clinical diagnosis of FTD, especially given that ASL can be acquired along with anatomical MRI in the same scan session.

Efforts have been made to ready ASL for clinical adoption, including recommendations for standard imaging parameters ([@bb0010]), guidelines on image interpretation for neuroradiologists ([@bb0120]), and multi-vendor trials demonstrating similarity among scanner manufacturers ([@bb0200]). However, clinical adoption of ASL as part of a diagnostic workup for FTD has been restrained by inconclusive evidence from previous investigations, which are relatively recent and as such scarce. Qualitative assessments of visual impressions preformed recently by [@bb0095] found higher specificity, PPV and inter-rater agreement when ASL is used to discriminate bvFTD, semantic dementia and AD patients from controls, compared to FDG-PET. But in the same cohorts, FDG-PET produced higher sensitivity, NPV and accuracy compared to ASL. In contrast, we found that visual evaluations of FDG-PET images produced higher sensitivity, specificity, PPV and NPV compared to ASL. Inter-rater agreement was also higher for PET, meaning the FDG images were more reliable and easier to interpret by readers. Two other studies using subjective visual rating methods to compare the diagnostic performance of ASL and FDG-PET reported contrasting findings; 1) higher diagnostic accuracy with FDG-PET in dementia (AD + FTD) patients ([@bb0270]), 2) higher inter-rater agreement in FDG-PET in AD patients ([@bb0195]), and 3) matched sensitivity and specificity for differentiating AD from normal aging ([@bb0195]). Since our study measured diagnostic performance of ASL and FDG-PET solely in FTD patients, but not in other dementias, reconciling our findings with these prior studies is challenging. In [@bb0270], three of the nine patients were clinically diagnosed as FTD, and in all three cases, forced diagnosis following visual assessments of FDG-PET images by nuclear medicine physicians matched clinical diagnosis, while ASL readings performed by separate readers (neuroradiologists) correctly identified one of the three FTD patients. In [@bb0095], subjective visual assessments were made on individual statistical (*z*-score) maps and not directly on FDG or CBF images. In addition, the sensitivity, specificity and inter-rater agreement were not specified for the bvFTD cases separately, rather the authors noted that FDG-PET readings compared to ASL, yielded higher rate for correct classification of FTD cases as patient scans ([@bb0095]). It is quite possible that the diagnostic performance and inter-rater agreement of ASL in our study could have been improved if individual statistical maps were included to augment subjective visual interpretations ([@bb0155]). Although for FDG-PET, diagnosis of dementia based solely on subjective visual interpretations are equally accurate as diagnosis made with inclusion of individual statistical maps ([@bb0105]). Perhaps, with increased reader training, ASL can achieve robust visual assessment accuracy similar to FDG-PET.

Findings from our quantitative assessments using ROI analysis at the group-level and estimations of concordance between individual hypoperfusion and hypometabolic regions, supported our qualitative findings. Foremost, areas of decreased glucose metabolism identified in individual statistical maps extended beyond areas of reduced perfusion in all patients. Likewise, examination of between-group differences from ROIs, showed greater magnitude of deficit, as well as greater number of areas with significantly decreased activity for FDG-PET compared to ASL. Across all regions, we found higher specificity and overall diagnostic accuracy (AUC) in discriminating patients from controls for FDG-PET, while sensitivity was matched between modalities. This is consistent with a prior study, which found similar sensitivity, higher specificity and slightly higher AUC for FDG-PET compared to ASL in 32 bvFTD patients and 15 cognitively normal controls ([@bb0240]). Taken together, these findings reinforce impressions from visual assessments of higher FDG-PET diagnostic performance compared to ASL. Nonetheless, ASL has the potential to provide comparable diagnostic information as FDG-PET in FTD, since ASL and FDG-PET are known to be closely matched in healthy ([@bb0015], [@bb0065]) and AD ([@bb0195], [@bb0250]) brains, and as we demonstrated here using Pearson correlations in FTD brains as well. This association is well illustrated in the possible bvFTD case, where initial diagnosis prior to PET/MRI was revised following negative findings on FDG-PET and anatomical MRI. In this patient, ASL could have been substituted for FDG-PET, because visual reviews of rCBF images resulted in the same unanimous negative finding as reviews of rCMRglc. Perhaps, the clinical role of ASL in FTD diagnosis could be an adjunct to anatomical MRI in early-stages of FTD, where ASL acquired in the same session as anatomical MRI can be used to rule out normal aging or other dementias, reserving FDG-PET for cases where MRI is equivocal ([@bb0095]).

It is unclear if ASL provides added clinical value to FTD diagnosis beyond what can be achieved with anatomical MRI alone. An earlier study found that adding ASL to anatomical MRI improved differentiation of FTD from normal aging and AD ([@bb0085]). However, more recent studies have shown that ASL offers little or no added diagnostic value to anatomical MRI in FTD diagnosis ([@bb0045], [@bb0050]), rather areas of GM loss tend to exceed areas of decreased perfusion ([@bb0230], [@bb0285]). Establishing a consensus on clinical utility of ASL in diagnosis of FTD from prior studies is limited by heterogeneity in ASL techniques, diversity of study populations such as mixed FTD subtypes, use of relatively small sample sizes, and differences in image analysis methodology. For instance, eight studies within the last decade which investigated diagnostic accuracy of ASL in comparison to FDG-PET or anatomical MRI, employed five different label and readout scheme pairs along with varying PLD (1 to 2 s) ([@bb0045], [@bb0050], [@bb0085], [@bb0095], [@bb0230], [@bb0240], [@bb0270], [@bb0285]). Choice of ASL techniques (label scheme, readout sequences, PLD) can significantly impact the signal-to-noise ratio (SNR), lead to image artefacts such as watershed and motion, and alter perceived contrast (grey-to-white matter ratio) ([@bb0010], [@bb0120]). Even with the use of the recommended label scheme, pCASL can still produce significant differences in global blood flow, temporal and spatial SNR, and GM-WM ratio when paired with different readout sequences ([@bb0260]). In this study, we used a pCASL labelling scheme and one of the recommended readout sequences (3D-GRASE), in order to minimize motion artefacts and maximize temporal SNR and GM-WM contrast ratio ([@bb0260]). However, our choice of PLD was implemented prior to publication of the ASL whitepaper, and is shorter than the recommended 2 s for imaging older brains. The PLD used in this study is common in FTD studies ([@bb0045], [@bb0050], [@bb0255], [@bb0270]), where often the decision was made in an effort to maximize ASL signal while minimizing potential watershed artefacts caused by image acquisition prior to labelled blood-water arrival. Clearly, in our study watershed artefacts significantly impacted ASL image quality and may have subsequently contributed to the lower diagnostic performance measured in ASL. However, diagnostic accuracy from quantitative measurements was restricted to regions outside the watershed zone and as such ASL poorer performance cannot be attributed solely to this artefact. Image artefacts were also reported for FDG-PET, mostly related to temporal lobe signal attenuation. Areas of the brain around the base of the skull and mastoid process can have up to \~ 5% error in PET signal attenuation because MR-based attenuation correction methods can have difficulty resolving bone from mixed air/tissue/bone voxels ([@bb0160]). In such cases inclusion of attenuation correction maps, standard in clinical practice, and free image windowing level may have helped resolve attenuation artefacts.

Despite perceived challenges in image quality, rCBF and rCMRglc images were sufficient in characterizing FTD in our cohort, revealing typical patterns of pathological asymmetry associated with FTD. First, frontal hypometabolism and hypoperfusion were observed in patients compared to controls, in line with previous studies ([@bb0085], [@bb0105], [@bb0135], [@bb0145]) and in agreement with common clinical presentations of bvFTD, where impairment in executive function or working memory and behavioural symptoms such as disinhibition, apathy and impulsivity are observed earlier on, indicative of frontal lobe involvement ([@bb0265]). Second, the extent of temporal lobe hypometabolism was reduced compared to the frontal lobe and restricted to the temporal poles and right temporal cortex. Third, deficits in glucose metabolism and perfusion were greater in the right hemisphere in all regions surveyed, reflecting the known right-hemisphere lateralization in bvFTD. Finally, we observed bilateral hypometabolism in additional regions associated with FTD pathology including the frontoinsular, anterior cingulate, precuneus, and caudate regions ([@bb0220]). In general, the clinical and anatomical presentations in our cohort (\~ 63% right hemisphere predominant atrophy and 67% frontal predominant bvFTD) were well represented by functional changes observed by FDG-PET and ASL.

The apparent mismatch in diagnostic performance between ASL and FDG-PET described in this study may be a result of the small sample size used. Two studies with twice the number of bvFTD patients found that ASL had comparable diagnostic information to FDG-PET ([@bb0240]) and improved disease classification when added to anatomical MRI ([@bb0085]). However, these studies evaluated ASL in groups of patients and controls. The heterogeneity of FTD, in terms of genetic, pathology and clinical manifestations stresses the need for more studies to examine the clinical utility of ASL on an individual level rather than at the group level. Differences in the point-spread function (PSF) of ASL and FDG-PET images may have contributed to the apparent mismatch in diagnostic performance between modalities. This confound was minimized by applying comparable spatial smoothing to both the CBF (10 mm FWHM) and FDG-PET (2 + 10 mm FWHM) images, and by including partial volume correction using spatial priors downsampled to each modality\'s voxel size. The spatial smoothing applied to the CBF images could have amplified the inherent blurring of GRASE-ASL images in the slice direction ([@bb0260]), increasing the effective PSF of CBF relative to FDG-PET. However, reducing the spatial smoothing filter to compensate for this effect, would reduce the SNR and further minimizing the sensitivity of ASL to detect regional abnormalities. Because ASL is inherently sensitive to motion and susceptibility distortion artefacts, which further minimizes the already low SNR and significantly impacts sensitivity, future studies will need to employ advanced image processing techniques beyond those implemented in this study, such as spatio-temporal denoising techniques ([@bb0225]) and geometric distortion correction strategies ([@bb0110], [@bb0175]). The sensitivity of ASL could have improved using higher-phased array receiver coils such as 32/64 channel head coils which offer up to twice the SNR of standard --- 8/12 channel coils. Similar to our study, all previous studies ([@bb0045], [@bb0050], [@bb0085], [@bb0095], [@bb0230], [@bb0240], [@bb0255], [@bb0285]) where the diagnostic performance of ASL was explored in patients with FTD in comparison to FDG-PET or anatomical MRI, used a standard receiver coil. The use of higher-phased array receiver coil to improve the SNR of ASL could likely improve the sensitivity of the technique and hence the agreement with FDG-PET. It is possible that ASL is less sensitive than FDG-PET in differentiating FTD from normal aging because unlike AD which is associated with vascular dysfunction and as such can be detected well with ASL even in prodromal stages ([@bb0140]), FTD has no known vascular pathophysiology. Given the growing prevalence of PET/MRI, large multi-center studies where ASL imaging techniques are standardized can be performed using methodologies outlined in this study, to better understand the potential clinical role of ASL in FTD diagnosis and management.
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[^1]: Statistical significance set at *p* \< 0.05.

[^2]: All regions reached statistically significant difference between modalities at *p* \< 0.05.
